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Chapter 1
Introduction
This present work describes the performance evaluation of a wear-
able system realized on a textile substrate able to monitor lower limb
movements. More precisely, the research focuses on the design and
realization of a wearable system for analyzing the knee joint and on
the possibility of using a sensing garment in clinical and sport appli-
cations.
Recent developments in electronic textiles and wearable electronics
[1, 2, 3, 4] allow us to design and produce a new generation of gar-
ments by using electrically conductive elastomer composites (CEs)
[5].
In the last few years our research group has developed innovative wear-
3
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able systems based on functionalized textile technology which is able
to monitor kinematic variables of body segments [6, 7]. This function-
alizing procedure consists of spreading a conductive mixture (CEs)
on designated areas of the fabric, and after a dedicated thermal treat-
ment they behave as piezoresistive sensors.
The analysis of the movement of lower limb anatomic segments are
commonly measured through tracking devices which include accelerom-
eters [8], electrogoniometers [9], electromagnetic sensors [10] or finer
equipment such as stereophotogrammetric systems [11]. Although this
methodology is widely accepted, it is still quite complex and difficult
to use in clinical and sport settings. In contrast, here we propose an
innovative wearable system realized completely on textile substrate
which is able to perform the same task of measuring lower limb move-
ment.
Firstly, a static and dynamic characterization of CE sensor is de-
scribed. Further, a black-box hybrid model of CE sensor which ap-
proximates the sensor behavior has been developed.
A part of this Thesis is dedicated to the analysis of the excessive
rotational laxity of the knee joint. To do this, we realized a partic-
ular prototype devoted to monitoring the internal-external angle of
the knee. Since the rotation angle is small and its measurement is
4
influenced by soft tissue artifact [12], we developed a new device that
was designed to calibrate the sensing garment and to apply stresses
that simulate those applied by clinicians during injury assessment. A
method for evaluating the rotational laxity of the knee joint by using
this new device is described.
Furthermore, we designed and realized a prototype for knee and hip
angle monitoring during a sport application. It consists of an elas-
tic leotard which allows us to measure knee and hip flexion-extension
angles. The prototype was validated by comparing its performance
with standard devices during flexion-extension movement of the hip
and knee of a healthy subject wearing the sensorized fabric leotard.
In particular, the kinematic variables of the lower limbs of an athlete
during rowing activity were analyzed.
Afterwards, we focused on a specific medical application to mon-
itor and identify the clinical stage of the recovery process of patients
suffering from venous ulcers. The sensorized fabric leotard exhibited
properties of lightness, comfort and unobtrusivity; however, it proved
unsuitable for clinical application because the leotard was too cling-
ing for these patients who could not tolerate wearing tight garments.
Therefore we envisaged a simplified prototype based on the same tech-
nology consisting of a sensing fabric band wrapped around the knee
5
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for clinical application, thereby avoiding rubbing the fabric over their
sensitive skin.
Finally, a preliminary pilot study was performed in order to dis-
criminate between healthy subjects with normal walking and patho-
logic subjects having undergone post-surgery therapy. The patients
suffering from venous ulcers had difficulty in walking, depending on
the severity of the disease, and usually showed improvements in their
walking capability after undergoing surgery.
6
Chapter 2
Conductive elastomer sensor
characterization
2.1 Introduction
In this PhD Thesis electrically Conductive Elastomer (CE) composites
have been used, which show piezoresistive properties when a deforma-
tion is applied. In literature, this phenomenon is statically described
by using percolation theory [13]. Here we focused on the behavior of
the electrical resistance of CEs during the transient time and other
non-linear phenomena occurring after a deformation. In several appli-
cations, CEs can be integrated into fabric or into other flexible sub-
7
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strate and can be employed as strain sensors. Moreover, integrated
CE sensors can be used in biomechanical analysis or in Gait Analysis
to realize wearable systems able to monitor the movement of a wearer
[14].
2.2 Static and dynamic characterization
The main object of the CE characterization has been to determine
the relationship between the electric resistance R(t) of a CE sample
and its actual length L(t), where t is the time. In terms of quasi-static
characterization a CE sample of 5cm in length and 1.7cm in width
(Figure 2.1), presents an unstretched electrical resistance of about
3KOhm per cm, and its gauge factor (GF ) is about 2.9.
GF =
L0(R−R0)
R0(L− L0) (2.1)
where R is the electrical resistance, L is the actual length, R0 is
the electrical resistance corresponding to L0 which represents the un-
stressed length of the specimen. To obtain the gauge factor, it is
necessary to construct the static calibration curve shown in Figure
2.2. The curve is realized by stretching the CE sample with the step
in deformation having different strain (Figure 2.3) and at the same
8
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Figure 2.1: The sample of CE sensor
Figure 2.2: The static calibration curve
9
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time acquiring the final resistance value. The GF represents the an-
gular coefficient of the static calibration curve.
Capacity effects were investigated and they were found to be negligi-
ble up to 100MHz (other aspects are reported in [15]). The dynamic
Figure 2.3: Response of a CE sensor excited by step in deformation
to build the static calibration curve
analysis of the electrical trend of CE sensors, when deformations are
10
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applied, has been performed by using a system realized in our labo-
ratories which can provide controlled deformations and at the same
time can acquire the resistance value assumed by the specimen. A
wide description of this instrumentation and its performances can be
found in [3]. By using this device, several deformations, which differ in
their forms versus time, amplitudes and velocities, have been applied
to CE specimens. Figure 2.4, which has been reported as an example
of this analysis, shows the output of a sample stretched with trape-
zoidal ramps in deformation having different velocities l˙(t) (where l(t)
is the length of the sample). The main remarks on sensor behavior
are summarized in the following:
• Both in the case of deformations which increase or decrease very
quickly the length of the specimen and in the case of deforma-
tions which reduce it, two local maxima greater than both the
starting and the regime value are shown.
• If the relationship between R(t) and l(t) were linear, one of the
extrema described in the previous point would be a minimum.
• The height of the overshoot peaks increases with the strength
velocity (l˙(t)).
• The relaxing transient time, which lasts up to several minutes,
11
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Figure 2.4: Response of a CE sensor excited by trapezoidal ramps in
deformation
12
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is too long to suitably code human movements.
2.3 Development of the hybrid model of
CE sensor
Electrical resistance behavior of CE samples during a deformation,
described in Section 2.2 has been fundamental in allowing us to em-
ploy them as sensors. In particular, two different issues had to be
addressed to use CE as strain sensors. The first one concerns the
length of the transient time, which can take up to several minutes. It
is obvious that these physical systems cannot describe human move-
ments without a processing signal devoted to compensate the slowness
of this phenomenon. Moreover, electrical trend of the analyzed speci-
men shows some non linear phenomena which are not negligible under
certain working conditions, in particular when fast deformations are
applied. For this reason, it has been thought necessary to develop
a black-box [16] hybrid model of CE sensor which approximates the
sensor electrical trend. The model consists of two linear subsystems.
The first one describes the sensor behavior when the electrical resis-
tance is increasing (extending phase), the other when the electrical
resistance is decreasing (shortening phase), as shown in Figure 2.5.
13
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The hybrid model inverse permits the system regulation which con-
sents the sensor length reconstruction in real time. These subsystems
Figure 2.5: The black-box hybrid model
may be described with a transfer function which has two poles and
one zero as reported below:
G(s) = µ · (1+ τ s)
(1+T1s) · (1+T2s) , T1, T2 6= τ (2.2)
the increasing step response corresponding in time domain:
y(t) = µ ·
(
1− T1 − τ
T1 − T2 · e
−t/T1 +
T2 − τ
T1 − T2 · e
−t/T2
)
, τ > 0 (2.3)
14
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Moreover, the response of the system 2.3 depend on the position of the
Figure 2.6: Step response of system of Equation 2.3, where T1 = 2,
T2 = 1, for different τ value (τ > 0)
zero with respect to the two poles. In fact, it is possible to differentiate
two cases:
• τ > T1 > T2. The overshoot peak is as high as the negative
zero is far from the poles. Figure 2.6 shows the increase of the
peak for different τ values. This system approximates the sensor
electrical trend during extending phase.
• τ < 0. The step response presents an undershoot, called inverse
response, which is more protruding when the zero (−1/τ) is close
15
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to the origin of the complex plan as shown in Figure 2.7. This
kind of system is called nonminumum phase system [17]. In the
case of the decreasing step the response is specular and the sys-
tem approximates the sensor electrical trend during shortening
phase as shown in Figure 2.8.
Figure 2.7: Step response of system of Equation 2.7, where T1 = 2,
T2 = 1, for different τ value (τ < 0)
To confirm the goodness of this approach, it observes that the ramp
response of the system 2.3 for different velocities is similar to the
electrical resistance response of CE sensor (Figure 2.9). From these
considerations it follows that the trapezoidal response can be divided
16
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Figure 2.8: Decreasing step response of the system of Equation 2.3
in an extending phase and a shortening phase. To estimate both sub-
systems the black box model is chosen. Black-box model is a flexible
structure that is capable of describing many different systems and its
parameters need not have any physical interpretation. To do this,
we are used a commercial package, Mathwork’s System Identification
Toolbox [18, 19], that allowed us to estimate many model structures
and compare them to choose the best one.
17
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Figure 2.9: The increasing ramp response of the system 2.3 for different
velocities
18
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Figure 2.10: The curves used to estimate the extending optimum
model
19
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2.3.1 Extending phase identification
In this Section, a method will be described to estimate the electrical
resistance trend when an increasing ramp deformation is applied. Dur-
ing the identification system phase a ramp deformation of the strain
20% and a ramp velocity of 1mm/sec are performed. Figure 2.10
shows the electrical resistance response of CE sensor that has been
used to estimate the optimum model. By using the System Identifi-
cation Toolbox, the ARMAX model has been chosen and polynomial
form is calculated:
A(q) · y(t) = B(q) · u(t) + C(q) · e(t) (2.4)
A(q) = 1− 2.911 · q−1 + 2.823 · q−2 − 0.9111 · q−3 (2.5)
B(q) = 108.9− 2.16 · q−1 + 107.8 · q−2 (2.6)
C(q) = 1− 1.415 · q−1 + 0.3113 · q−2 + 0.1039 · q−3 (2.7)
The Bode form is reported below:
G1(s) = 801 · (1 + s/0.6762) · (1 + s/0.0768)
(1 + 0.957 · s+ 0.258 · s2) · (1 + s/0.0945) (2.8)
The system described in the transfer function 2.8 is stable because
the all poles are in the left-half of the complex s-plane (LHP). The
validation phase has been performed by using the Cross-Validation
20
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approach. This criterion is reported in 2.9, where yˆ is the estimation
data that is used to estimate the model and y is the validation data,
for which the criterion is evaluated.
fit% = 100 · 1− ‖yˆ − y‖‖y −mean(y)‖ [%] (2.9)
Figure 2.11 shows the ARMAX model that estimates electrical resis-
tance response for CE sensor, during extension phase and validation
data with a fit of 94.5%.
Figure 2.11: Validation of the extending model. The red line repre-
sents the ARMAX model and the blue line shows the validation data
21
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2.3.2 Shortening phase identification
In the shortening phase a decreasing ramp deformation is applied and
by means of the System Identification Toolbox the ARMAX model
has been chosen. Figure 2.12 shows the electrical resistance response
of CE sensor that has been used to estimate the optimum model. The
polynomial equivalent is reported below:
G2(s) = 801 · (1 + s/0.157) · (1− s/1.586)
(1 + 0.422 · s+ 0.064 · s2) · (1 + s/0.102) (2.10)
Figure 2.13 shows the ARMAX model which estimates electrical resis-
tance response for CE sensor, during shortening phase and validation
data with a fit of 96.09%. The system described in the transfer func-
tion 2.10 is stable because the all poles are in the left-half of the com-
plex s-plane (LHP). Furthermore, the system presents a zero in the
right-half of the complex s-plane (RHP), that is a nonminum phase
system as pointed out in the preliminary remarks. Notice that the ini-
tial value G1(0) is equal to G2(0), because during identification phase,
the final resistance value of the increasing ramp corresponding to the
initial resistance value of the decreasing ramp.
22
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Figure 2.12: The curves used to estimate the shortening optimum
model
23
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Figure 2.13: Validation of the shortening model. The red line repre-
sents the ARMAX model and the blue line shows the validation data
2.3.3 Simulation of the hybrid model
The hybrid model consists of both subsystems G1(s) and G2(s) iden-
tified previously and one block ( switching controller) dedicated to
switching from G1(s) to G2(s) depending on whether the input is
increasing or decreasing (Figure 2.14). The switching controller cal-
culates the difference (∆), step by step, between the input and the
delayed input and according to a threshold, sets a positive signal (y)
when the ∆ is raised or negative when the ∆ is reduced. Figure 2.15
shows the switching controller block where the integrator block allows
us to maintain the y signal constant and the embedded Matlab func-
24
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tion block, working as relay, permits a rectangular signal (dashed line
in Figure 2.16) which regulates the switching between both subsystems
G1(s) and G2(s).
Figure 2.14: The simulink scheme of th hybrid model
Figure 2.15: The switching controller block
25
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Figure 2.16: Simulation of the hybrid model and rectangular signal
(dashed line) to control the switching
Figure 2.17: The reconstruction of the deformation of the CE sensor
by using of the hybrid model inverse
26
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2.3.4 Hybrid model application
In this Section, an application of the hybrid model of CE sensor is
reported. In particular, the concept of inverse system to regulate
the electrical resistance response of CE sensor, is introduced. Let us
consider for convenience as the following system:
Y(s) = G(s) ·U(s) (2.11)
where Y (s) is the output Laplace transform and U(s) is the input
Laplace transform of the system G(s). Supposing that, G−1(s) is its
inverse, it may be written the following expression:
U(s) = G−1(s) ·Y(s) (2.12)
Therefore, the goal is to consider the hybrid model inverse G˜inv(s) re-
ported in Figure 2.17 as a system where the input is the electrical re-
sistance response of CE sensor (y) and output is the its reconstructed
deformation (u˜). In order to solve the inversion problem of the hy-
brid model it is necessary to invert both subsystems G1(s) and G2(s).
The transfer functions 2.8 and 2.10 have relative degree equal at 1 (3
poles and 2 zeros), consequently the inverse transfer functions G−11 (s)
and G−12 (s) have of relative degree equal at -1 (i.e. numerator higher
than the denominator). To solve this problem a pole 100MHz in the
27
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transfer functions G−11 (s) and G
−1
2 (s) is introduced respectively. For
example, the transfer function G−11 (s) obtained in this way is reported
below:
G−11 (s) =
1
801
· (1 + 0.957 · s+ 0.258 · s
2) · (1 + s/0.0945)
(1 + s/0.6762) · (1 + s/0.0768) · (1 + s/100) (2.13)
It is commonly recognized that the problem of the system inversion
is rather simple for the minimum-phase system as G1(s), but it may
represent generally a difficult task in a nonminimum-phase system as
G2(s). In fact, the nonminimum-phase system inversion is a source of
difficulties, since the inverse dynamic is unstable. In order to solve the
stable inversion problem, different approaches can be followed; some
of them are discussed in [20, 21, 22].
The solution of this problem, based on the determination of the stable
inverse system, can be obtained by means of a series expansion of the
nonminimum-phase zero. This approach consists in approximating the
unstable system with the stable system as a FIR filter. In fact, the FIR
system is constituted by the finite impulse response, which is stable by
definition. Supposing that G(z) = N(z)/D(z) is a nonminimum-phase
system in the discrete-time and its inverse (G−1(z) = D(z)/N(z)) will
be unstable system. To approximate a unstable system G−1(z) with
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a stable transfer function, it is possible to write:
G−1(z) ≈ D(z) · F(z) (2.14)
Where the stable system F (z) ≈ 1/N(z). Considering, for the sake
of simplicity, the numerator N(z−1) of the nonminimum-phase system
G(z−1) as reported below:
N(z−1) = 1− αz−1 (2.15)
Where α is the nonminimum-phase zero, |α| > 1. The inverse system
1/N(z−1) = 1/(1−α ·z−1) can be approximated by a truncated series:
1
N(z−1)
=
1
1− α · z−1 ≈
N∑
k=0
(α · z−1)k (2.16)
which converges for |α · z−1| < 1. The problem of finding a stable
system inversion may be formulated as following: the FIR system
F (z−1) that approximates 1/N(z−1) may be written as:
F(z−1) = β0 + β1 · z−1 + β2 · z−2 + · · ·+ βN · z−N (2.17)
which minimizes the maximum undershoot of the step response of the
compensated system F (z−1) ·N(z−1), such that F (1) ·N(1) = 1. It is
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possible to show [23] that the coefficients of the filter F (z−1) solving
the above problem are given by
βi =
αi
(1− αN+1) (2.18)
It is obvious that the N order of FIR must be high to approximate bet-
ter the 1/N(z−1). In this way, it is necessary to introduce the N step
of delay and thereby the method presents a limitation for real time
application. In the FIR system of order N=128 the approximation
obtained is satisfactory, however the delay corresponding is 2 seconds
(with Ts = 1/64, Ts sampling interval). Figure 2.18 shows the approx-
imation obtained with different N value. Figure 2.19 shows the final
block scheme used for the inversion of the hybrid model, where one
may see the FIR block plus one other block devoded to compensate
the delay introduced by the filter.
2.3.5 Results
To verify the hybrid model described in Section 2.3.4, different defor-
mations instead of trapezoidal signal used in the identification phase,
are applied. In particular, the end-effector of the haptic interface
DELTA, by Force Dimension [24] as sensor deformation has been em-
ployed. Figure 2.20 shows the sample of CE sensor mounted with one
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Figure 2.18: The diagram bode of 1/N(z−1) (blue line). The bode
diagram of the FIR (red line) for different N value
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Figure 2.19: The simulink scheme of the inverse hybrid model
extremity on the end-effector of DELTA and another on the rigid plane
of the haptic interface. Moving the end-effector manually the sample
has been stressed and at the same time the electrical resistance of
CE sensor is measured. Deformations and electrical resistance com-
ing from DELTA and the sample are acquired simultaneously. The
changes of resistance obtained in this way are used as input of the
inverse hybrid model in off-line mode. Figures 2.21, 2.22 and 2.23
show the DELTA deformation and the length of CE sensor obtained
through the inversion of the model. Notice that the length in Figure
2.21 is normalized with respect to the initial value. To summarize,
the hybrid model has shown good results in the reconstruction of the
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Figure 2.20: The haptic interface DELTA used to stress the CE sensor
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Figure 2.21: The results obtained after the inversion of the hybrid
model. The red line represents the length of CE sensor obtained
through the inversion of the model and blue line shows the DELTA
deformation
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Figure 2.22: The results obtained after the inversion of the hybrid
model. The red line represents the length of CE sensor obtained
through the inversion of the model and blue line shows the DELTA
deformation
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Figure 2.23: The results obtained after the inversion of the hybrid
model. The red line represents the length of CE sensor obtained
through the inversion of the model and blue line shows the DELTA
deformation
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length in off-line application. However, in a real-time application the
model introduces a delay of 2 seconds owing to the FIR filter of N=128.
37
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Chapter 3
Design and realization of the
wearable system
3.1 Introduction
CE sensors described in Chapter 2 can be employed to realize wear-
able sensing systems able to record and detect lower limb movement.
Our main aim was to produce a set of sensing garment which can
be used for sport and clinical application. In order to comply with
this requirement, we used as substrate a fabric which does not sub-
stantially change mechanical properties of the sensor and maintains
the wearability of the garment. To achieve this result, we have in-
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tegrated sensor networks made by CE into elastic fabrics (Lycrar)
used to manufacture the sensing garment collection. In particular
three different sensing garment prototypes have been realized and will
be described in the following:
• a sensorized fabric leotard to monitor flexion-extension angles of
the knee and hip during athletic activity.
• a sensorized fabric band wrapped around the knee for clinical
application (Knee-Band).
• a sensing garment for monitoring rotation knee joint.
3.2 Sensing garment realization
The sensing garment prototypes have been realized depositing the
CEs (commercial product provided by Wacker LTD [25]) over a sub
layer of cotton Lycrar and it consists of a mixture of graphite and sili-
con rubber. WACKER Ltd guarantees the non-toxicity of the product
that, after the vulcanization, can be employed in medical and phar-
maceutical applications. The CEs mixture is smeared on the fabric
previously covered by an adhesive mask cut by a laser milling machine.
The mask is designed according to the shape and the dimension de-
sired for sensors and wires. After smearing the solution, the mask is
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removed. Then, the treated fabric is put into the oven at a temperature
of about 130 degrees centigrade. During this phase the cross-linking
of the solution speeds up, and in about 10 minutes the sensing fabric
is ready to be employed. This methodology is used both for sensing
areas and connection paths, thus avoiding the use of metallic wires to
interconnect sensors or link them to the electronic acquisition unit. In
this way, no rigid constraints or linkages are present and movements
are unbounded [26].
3.3 The Mask
The determination of the correct position and orientation of sensors
lead us to design the adhesive mask used to smear sensors and the
galley proofs dedicated to connect the sensing network to the electronic
acquisition system. The only cunning in the design of the connecting
CE tracks used to connect sensors to the electronic acquisition unit
is to make them as short and wide as possible in order to keep their
electrical resistance as low as possible 3.5.1. The realization of the
mask for the sensing garment is a simple issue. To obtain it, it is
necessary to have a graphical model of the lower limbs which represents
in two dimensions its anthropometric variables (length of the bones,
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width of the legs, etc). In this way we can design the mask according
to the appropriate sensor position (Figure 3.1). To guide us in finding
a correspondence between the CE network location on the mask and
on the garment, a tridimensional model of the human body, used to
trace the estimated sensor positions and then report them on a bi-
dimensional map, has been useful.
Figure 3.1: The mask used for the realization of the sensing leotard
prototype
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3.4 Prototypes
3.4.1 The sensing fabric leotard
The sensing fabric leotard prototype has been realized depositing the
CEs over a sub layer of cotton Lycrar and by using the mask showed
in Figure 3.1. The bold black track represents four sensors connected
in series and covers the knee and hip joint. The thin tracks repre-
sent the connection between the sensors and the electronic acquisition
system as shown in Figure 3.2. The prototype is thought to be used
for monitoring kinematical variables of the lower limb of an athlete.
Specifically, we propose to use a sensorized fabric leotard to monitor
flexion-extension angles of the knee and hip during rowing activity (see
Chapter 5). The CEs are used both for sensing areas and connection
paths, thus avoiding the use of metallic wires to connect sensors. In
this way, no rigid constraints or linkages bind the movement. Un-
like conventional devices, the sensorized fabric leotard is unobtrusive
due to its lightness, adherence and elasticity, hence very suitable for
sport activity monitoring. The prototype consists of an elastic leo-
tard that acquires information from 6 sensors placed on each leg. Two
sensors are used to monitor flexion-extension angles of the knee and
four sensors are used to acquire flexion-extension angles of the hip.
43
Design and realization of the wearable system
Moreover, an “on body unit” is dedicated to the acquisition of sensor
signals and to the wireless (Bluetooth) data transmission to a remote
PC. The sensors distributed over the sensing leotard can detect local
fabric deformations produced by athlete movement.
Figure 3.2: The sensing leotard prototype
3.4.2 The Knee-Band (KB)
The prototype described in Section 3.4.1 was found to be unsuitable
for clinical application because it is too clinging for the subjects who
cannot tolerate wearing tight garments. In this case, we focused on a
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specific medical application in order to analyse walking activity of pa-
tients aﬄicted with venous ulcers localized in the lower limbs (Chapter
6).
Therefore we envisaged a simplified prototype, called KB, based on
the same technology consisting of a sensing fabric band wrapped around
the knee that allows patients to wear it easily as shown in Figure 3.4 a.
The KB prototype consists of an elastic fabric band with four sensors,
two being positioned laterally and two being positioned centrally, and
a sensorized shoe [27] which is able to identify the gait cycle synchro-
nism. The sensorized shoe contains a pressure sensor realized with the
same material as used for the sensing garment, and is positioned on
the sole near the heel, as shown in Figure 3.4 b. This sensor behaves
like a switch. By processing the raw signals using a threshold: a high
signal given when the foot is lifted off the floor, a low signal when the
foot is in contact with the ground. In Figure 3.3 the mask of the KB
prototype is shown.
Moreover, the prototype consisted of an “on body unit” dedicated to
the acquisition of signals from theKB and the Bluetooth transmission
to a remote PC. The ”on body unit” is comprised of an electronic card
able to acquire signals coming from the KB.
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Figure 3.3: The mask used for sensorized KB prototype
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Figure 3.4: The overall KB prototype consists of a wearable system,
sensorized shoe and an ”on body unit”. Front (left side) and back
(right side) views a). Sensorized shoe for marking the gait cycle b).
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3.4.3 The sensing garment for monitoring rota-
tion knee joint
This prototype is intended for analyzing internal-external rotation
of the knee joint. However, the opposition movements of internal-
external rotation being too small and apposite among them,it was
necessary to study a new configuration of the set of the sensors. The
new location of the sensors was designed after many test and the orien-
tation of sensors shown in Figure 3.6 was that it allowed us to detect
both angles of the rotation of the knee joint. Figure 3.5 shows the
mask used for realization of the sensing prototype, it consist in four
sensors, two sensors are used to monitor the internal rotation angle
and two sensors to acquire the external rotation angle of the knee. In
the next Chapter, the results obtained with this prototype will be re-
ported. The angles coming from the prototype will be compared with
a new external device, called Kinematic-Disc, which was designed to
calibrate the sensing garment.
48
3.4 Prototypes
Figure 3.5: The mask used for the realization of the sensing garment
to monitor the rotation knee joint
Figure 3.6: The sensing prototype used to detect internal-external
rotation of the knee joint
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3.5 Analog front-end and reading tech-
nique
The bold black track in Figure 3.7 a represents the set of sensors con-
nected in series (Si) and it covers the knee joints. The thin tracks (Ri)
represent the connection between sensors and the electronic acquisi-
tion system. Since the thin tracks are realized by the same CE ma-
terial, they undergo a significant change in electrical resistance when
limbs move. For this reason the electronic unit front-end is designed
to compensate this variation. Figure 3.7 b shows the analog front-end
circuit and the prototype electrical model. The series of sensors (Si)
is supplied by a constant current I. The acquisition system consists
of a high input impedance stage realized by instrumentation ampli-
fiers that are represented in Figure 3.7 b by the set of voltmeters. In
conclusion, the voltages (Vmi) measured by instrumentation amplifiers
are equal to the voltages (Vni) which fall on the Si that is related to
resistances of the sensors.
Vni ≈ Vmi (3.1)
In this way, the thin tracks perfectly substitute the traditional metallic
wires and a sensor, consisting of a segment of the bold track between
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two thin tracks, can be smeared in any position to detect the move-
ments of a joint.
Figure 3.7: The mask used for the KB system (a). The equivalent
electric scheme of KB system (b)
3.5.1 Hardware
In order to acquire the voltage Vmi in the Figure 3.7 we use instrumen-
tation amplifiers as described in Section 3.5. This solution has been
tested by using an Analog Devices AD623 instrumentation amplifier
as a high impedance stage. It presents an input impedance of about 2
GΩ. This device has a very low bias current (order of 10 nA); the bias
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current flows thought Ri and makes the voltage difference between ni
and mi negligible. The constant current generator is realized by using
the circuit in Figure 3.8. In this configuration the current (I = Vs
R
)
flowing in the load (sensing garment) is independent from the load. A
wide description of the analog part can be found in [28]. The current
generator is a very critical issue. The current in the load (series of
sensors) must be high enough to increase the signal to noise ratio but
it is bounded by the operational amplifier saturation limit. The defor-
mation of the sensors causes an increase in electrical resistance of the
load and consequently it increases the output voltage of the LM224
of Figure 3.8. If the current in the load is too high, the operational
amplifier saturates before the largest deformation of the sensors oc-
curs. For a correct dimensioning of the current generator we have to
take into account the biggest resistance value of the series of sensors
(RLmax = 400kΩ) and the supply voltage (Vcc=24V):
Imax =
Vcc
2RLmax
=
24V
2 ∗ 400kΩ = 30µ
Considering Vs=5V (Figure 3.8, in our hardware Vs is imposed by the
National Instrument card or Bluetooth module) to obtain a current
of 30µ, it is necessary to use a resistance of about 180kΩ. However,
in the applications that will be described in Section 5 and 6, an “on
body unit” dedicated to the acquisition of signals from the prototype
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Figure 3.8: Current generator.
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and the Bluetooth transmission to a remote PC has been used. The
“on body unit” is comprised of analog part described above, able to
acquire signals coming from the prototype. Signals are filtered, ampli-
fied and digitalized and sent to a remote PC by means of a Bluetooth
transmission module. Figure 3.9 shows the “on body unit” and the
bluetooth receiver.
Figure 3.9: The Bluetooth transmission module and Bluetooth re-
ceiver.
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Chapter 4
Evaluation of the rotational
laxity of the knee joint
4.1 Introduction
Excessive rotational laxity is typically an indicator of a knee injury
such as rupture of the anterior cruciate ligament (ACL) (as shown in
Section 4.2.2). A good evaluation of the knee injury is the most impor-
tant phase to establish a rehabilitative program. Usually a measure-
ment of rotational laxity is based on subjective clinician assessments
through tests such as, range of movement (ROM) measurement [29],
Lachman [30] and Pivot shift [31]. Moreover, the standard instrumen-
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tation for ACL injury diagnosis is currently limited to measurement
of anterior-posterior (AP) translation. Several studies (Chatoo et Al.
1999, Georgoulis 2003, Duval 1996, Sati et Al. 1996) demonstrated
that rotation is the most stressful knee movement. Lerat et al. [32]
and Logan et al. [33] observed knee rotational instability during the
Lachman test due to an anterior-posterior stress. Further studies [34]
deal with an external device for the measurement of the knee joint ro-
tation. The device overestimated the joint rotation about 100% which
is not acceptable for evaluation of rotational laxity. In gait analy-
sis, camera systems (stereofotogrammetric system) have been used to
detect the tibial rotation, but the measurement is influenced by soft
tissue artifact [35]. For this reason a part of the present work deals
with the analysis of knee joint rotation by means of the wearable sens-
ing system described in Section 3.4.3. An increase of rotation laxity
in one leg with respect to the other indicates a possible deficit of ante-
rior cruciate ligament. For this reason the aim of this study has been
to investigate passive articular range of the knee in order to assess
symmetrical behavior of the two legs. Non symmetrical behavior can
be related to a knee injury. In the Section 4.5, the value of rotation
angles for each leg will be measured by using an external device called
Kinematic-Disc (KD). The Kinematic-Disc was used to calibrate the
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wearable system and to apply a constant torsional force to the subject
knee in order to perform the passive movement. Results were evalu-
ated with the Tegner and Lysholm Knee Scoring Scale [36] and they
have shown that the developed methodology is able to discriminate
injured from healthy subjects.
4.2 The knee joint. Anatomy and Func-
tionality
4.2.1 The condoylar joint
There are basically three types of limb joint in animals and humans.
These are the ball and socket joint (e.g. hip and shoulder), the pivot
joint (e.g. elbow) and the condoylar joint (e.g. knee). The knee
joint is the largest and most complex joint in the human body. The
knee is called a condylar joint because of the articulation between the
femur and the tibia, as shown in Figure 4.1 [37]. The femur has two
protrusions called condyles. These have a convex curvature in order
to roll and slide against the tibia. The tibia has two concave grooves
that match the condyles of the femur. The two central ligaments that
connect the tibia to the femur are called cruciate ligaments because of
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the way they form a cross. These cruciate ligaments fit neatly inside
the space between the two condyles.
Figure 4.1: The condoylar joint
The knee has many critical geometrical characteristics because the
two cruciate ligaments and the two leg bones form a very sophisticated
and precise mechanism, called a four-bar hinge [38]. The four-bar
hinge mechanism of the knee is shown at various stages of rotation
in Figure 4.2. These stages of rotation are schematically presented in
Figure 4.3 to show clearly how the four-bar hinge works. The cruciate
ligaments form the two crossed bars (b,c) whilst the upper and lower
bones effectively form the other two bars (a, d). The cruciate ligaments
are able to pivot where they are attached to the bones (points 1, 2,
3, 4) because they are made of a non-rigid material. In a four-bar
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Figure 4.2: Four bar hinge
hinge, the length of each of the four bars remains constant, but the
angle between each bar can change so the lower leg can rotate. One
important feature of the four-bar hinge is that the instantaneous centre
of rotation approximately coincides with the cross-over point of the
cruciate ligaments. This cross-over point moves as the joint opens and
closes so that the knee does not have a fixed point of rotation, as does
a simple pivot joint. The knee joint is a particularly sophisticated
kind of four-bar hinge, because the cruciate ligaments are not rigid
and have to be kept taut by the rolling action of the bones.
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Figure 4.3: Four bar hinge
4.2.2 Anatomy of the knee joint
The knee joint is made up of three bones and a variety of ligaments.
The knee is formed by the femur (the thigh bone), the tibia (the shin
bone), and the patella (the kneecap). Several muscles and ligaments
control the motion of the knee and protect it from damage at the same
time. Two ligaments on either side of the knee, called the medial and
lateral collateral ligaments, stabilize the knee from side-to-side. The
anterior cruciate ligament (ACL) is one of a pair of ligaments in the
center of the knee joint that form a cross, and this is where the name
”cruciate” comes from. There is both an anterior cruciate ligament
(ACL) and a posterior cruciate ligament (PCL). Both of these liga-
ments function to stabilize the knee from front-to-back during normal
and athletic activities. The ligaments of the knee make sure that the
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weight that is transmitted through the knee joint is centered within
the joint minimizing the amount of wear and tear on the cartilage
inside the knee. The weight-bearing surfaces of your knees are cov-
Figure 4.4: Anatomy of the knee
ered with a layer of cartilage. There are also two shock absorbers in
your knee on either side of the joint between the cartilage surfaces of
the femur and the tibia. These two structures are called the medial
meniscus and the lateral meniscus. The menisci are horseshoe-shaped
shock absorbers that help to both center the knee joint during activity
and to minimize the amount of stress on the articular cartilage. The
combination of the menisci and the surface cartilage in your knee pro-
duces a nearly frictionless gliding surface. The knee is an incredible
joint. It is strong, flexible, and very tough.
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Figure 4.5: Ligaments of the knee
4.3 Sensing garment for monitoring rota-
tion knee joint
In this Section, the internal-external rotation of the knee joint by
means of the wearable system will be analyzed . The analysis of hu-
man movement is performed by traditional device such as accelerom-
eters, electrogoniometers or camera system, but they are not able to
measure the rotation angle of the knee joint because the measurement
is influenced by soft tissue artifact. A method to solve this problem
can be the use of the wearable system. In fact, by using the sensing
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garment prototype described in Section 3.4.3 the internal-external an-
gle of the rotation of knee can be measured. To verify these results an
external device (KD) has been used that will be described in the next
Section, which allows us to measure angles of rotation and to calibrate
the prototype. Figure 4.6 shows the internal rotation angle of the knee
coming from the sensing garment and the KD. The red line represents
the internal angle of rotation coming from the sensing garment during
a laxity test using the KD device. Notice that, by using of the sensing
prototype, it is possible also to monitor small angles of rotation.
4.4 The Kinematic-Disc
The angles of internal and external rotation of the knee joint were
estimated to be small. Conventional instrumentation is not able to
measure the rotation angle of the knee joint. For this reason we de-
veloped this new device, (KD), which was designed to calibrate the
sensing garment and to apply stresses that simulate those applied by
clinicians during injury assessment. KD consisted in a plastic disc
mounted over a wooden support. The disc rotates by means of an in-
extensible wire connected to an external load (weight of 4 Kg) through
a pulley, as shown in Figure 4.7. The rotation of the disc was mea-
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Figure 4.6: Comparison between the curves of internal rotation angle
of the knee coming from the sensing garment and the KD
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sured by an encoder positioned on the axis of the pulley. During the
experiment, the axis of the disc coincided with the axis of rotation of
the knee. Only the rotation in the coronal plane was permitted. To
do this, the foot was rigidly connected to the shank by means of a par-
ticular shoe and the thigh was blocked by two plastic strip as shown
in Figure 4.8. The disc was equipped with a pointer that indicated
the angle of rotation of the disc with reference to a protractor drawn
on the wooden support. In the next Section, a method for evaluation
of the rotational laxity of knee joint by using the KD device will be
described.
Figure 4.7: The representation of the kinematic-disc
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Figure 4.8: The kinematic-disc realized
4.5 Test for the valuation of the rota-
tional laxity
The test consists in investigating passive articular range of the knee
in order to assess symmetrical behavior of the two legs. Non sym-
metrical behavior can be related to a knee injury. In this study 13
subjects were analyzed (7 women and 6 men aged between 14 and 35
). According to a specific anamnesis, the Tegner and Lysholm Knee
Scoring Scale (TLKSS), the subjects were classified as “Healthy” if the
score obtained by means of TLKSS was equal or greater than 95, and
“Unhealthy” if the score was less than 95. The subjects were asked
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Figure 4.9: The position of the subject during the test for the valuation
of the rotational laxity
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to put the foot into the shoe mounted on the disc. The subject shank
had to be aligned with the axis of rotation of the disc and the flexion-
extension angles of the knee was 90 degrees as shown the Figure 4.9.
The test was performed as follows: the subject was asked to completely
relax his knee so that the torque caused by the load made it slowly
rotate it. Once the balance position was reached, the data coming
from the device was recorded. In the absence of a force exerted by the
subject, the balance position represents the point when the ligament
is completely extended. In this way both the internal and external
rotation angles were acquired. The same procedure was repeated also
for the another leg.
4.5.1 Analysis of the results
Our approach proposes to evaluate the non symmetrical behavior of
the two legs. To do this we estimated an external laxity parameter
(LAXext) calculated as difference between the external rotation of the
right leg (ERR) and the external rotation of the left leg (ERL) as
described in the following Equation:
LAXext = ERR − ERL (4.1)
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Furthermore, we also considered an internal laxity parameter (LAXint)
calculated as difference between the internal rotation of the right leg
(IRR) and the internal rotation of the left leg (IRL) (Equation 4.2).
In the Table 4.1 are reported internal-external angle values of analyzed
subjects.
LAXint = IRR − IRL (4.2)
Table 4.2 shows the rotation laxity values for the healthy subjects
and the values of the Tegner and Lysholm Knee Scoring Scale (TLKSS)
obtained during anamnesis phase. The negative sign of the parameters
indicate that the left leg is more lax than the right leg. The Table 4.3
shows the absolute rotation laxity values for the unhealthy subjects
and the T.L.K.S.S. values. Figure 4.10 and 4.11 represent the proba-
bility density functions of the booth groups healthy and unhealthy for
the two parameter LAXint and LAXext. The average value (µ) and
standard deviation (σ) of the density functions calculated for the two
parameter are shown in Table 4.4. The curves of probability density
for the LAXext parameter are very close and it is not possible to divide
the group of the healthy from unhealthy, while the LAXint parameter
divides sufficiently well the booth groups.
Figure 4.12 shows the LAXint parameter calculated over the entire
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Table 4.1: External-internal rotation of the right and left leg
Subjects (ERR)
(deg.)
(IRR)
(deg.)
(ERL)
(deg.)
(IRL)
(deg.)
B.G. 43 37,5 44,6 28
F.B. 49,5 31 43,5 38
M.E. 51 26,5 53 26,5
A.D.C. 49 41,5 42 47
L.L. 56,5 36,5 51,5 36,5
F.M. 30,5 18 29 25
E.G. 46 35 40,5 29
A.C. 58,5 45,3 59 44
C.S. 53,75 38 53 39,5
L.L. 25 34,6 32 24,5
P.S. 32 40 39 26
A.C. 25 25,5 25,5 29,5
I.L. 50 31 52 42,5
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Table 4.2: The healthy subjects
Subjects LAXext
(deg.)
LAXint
(deg.)
T.L.K.S.S.
B.G. 1.6 9.5 100
F.B. 6 7 100
M.E. 2 0 100
A.D.C. 7 5.5 100
L.L. 5 0 100
F.M. 1.5 7 95
E.G. 5.5 6 98
A.C. 0.5 6 100
C.S. 0.75 1.5 100
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Table 4.3: The unhealthy subjects
Subjects LAXext
(deg.)
LAXint
(deg.)
T.L.K.S.S.
L.L. 7 10.15 DX:90
SX:98
P.S. 7 14 DX:75
SX:99
A.C. 0.5 4 DX:100
SX:85
I.L. 2 11.5 DX:98
SX:59
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Table 4.4: The average value and standard deviation calculated for
the two parameter LAXext and LAXint
µ σ
LAXext
(un-
healthy)
4.125 11.395
LAXext
(healthy)
3.31 6.358
LAXint
(un-
healthy)
9.9 18
LAXint
(healthy)
4.72 11.5
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Figure 4.10: The probability density functions of the LAXint param-
eter
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Figure 4.11: The probability density functions of the LAXext param-
eter
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recruited population. The cut-off value which divides the group of the
unhealthy from the group of the healthy was calculated by the curves
of probability density as LAXint = 7.5.
Notice that the subject A.C. is classified as belonging to the group
of the healthy subjects. It may be due to not completely relax dur-
ing the test. the subject B.G. presents a high rotation laxity of the
knee. However, a good discrimination between the two populations
was obtained. Furthermore, results show the possibility of investigat-
ing passive articular range of the knee in order to assess symmetrical
behavior of the two legs.
4.5.2 Conclusion
The average of the values of the two groups healthy and unhealthy were
sensibly different; a research with more participants would point out
important differences. From a clinical point of view, this would mean
the possibility to obtain, using this method, an evaluation based on
a significant function, predicting more accurately the correct articular
functionality. Evident differences between the values of the two legs
have been pointed out; this could be linked to the cerebral dominance
of the sample, in fact, all the subjects had a right motor dominance.
It would be interesting to continue the research observing the motor
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4.5 Test for the valuation of the rotational laxity
Figure 4.12: LAXint parameter
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dominance of the subjects. Moreover, considering the epidemiogical
data which show a high percentage of accidents to the knee ligament
among the sportive population, it could be interesting to investigate
the different behavior of the subjects trained in different sports. An-
alyzing these preliminary data, it is possible to observe a parallelism
between the values relating to the Tegner and Lysholm Knee Scor-
ing Scale and the performance of the test with our instruments. In
fact, correlating the values obtained from the unhealthy group with
the measurements obtained in the Scoring Scale, we can see that the
value of the difference between the two limbs is as high as it is low in
the value obtained in the evaluation (T.L.K.S.S.). All this confirms the
possibility for this instrument to become part of the physiotherapist
routine.
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Sport application
5.1 Introduction
In this Chapter, it will be described the sensorized leotard to mon-
itor kinematic variables of lower limbs of an athlete during rowing
activity. The rowing kinematic and kinetic was the object of several
researches [39, 40, 41, 42]. In literature the typical set-up consists
of an ergometer rowing machine to simulate “on-water” activity and
a stereophotogrammetric system to obtain information about rowing
kinematic. Conventional instrumentation can be obtrusive and un-
portable, thus not suitable for “on-water” monitoring. On the con-
trary, this work proposes to use a wearable sensing system to monitor
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the athlete movements during training or sport activity.
Figure 5.1: Six sensors signals coming from left leg of the sensing
leotard during rowing stroke activity
5.2 Methods
Piezoresistive CE sensors distributed over the sensing leotard can de-
tect local fabric deformations produced by user lower limb movements.
Figure 5.1 shows raw signals coming the prototype during user rowing
activity.
The main goal in terms of data interpretation is to map raw data
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coming from sensors (related to local fabric deformations) into lower
limb kinematic variables. To do this it is necessary to construct (for
each leg) a function F such as described in the below Equation
F : S → Θ (5.1)
where S ⊂ Rk is the sensor space, k is the number of sensors, Θ ⊂ Rn
is the lower limb position space and n is the number of degrees of
freedoms of interest. In our experiments 2 degrees of freedoms (n = 2)
was monitored for each leg (hip and knee flexion-extension angles) by
using as input 6 leotard sensors (k = 6).
5.2.1 Linear mapping technique
To construct the function F a linear map that transform the sensor
status into lower limb kinematic variables (expressed in terms of an-
gles) was constructed such as shown in Equation 5.2.
θ = A · s
⇓ (5.2) θ1
θ2
 =
 a1,1 . . . a1,6
a2,1 . . . a2,6
 ·

s1
...
s6

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where θ1 and θ2 represent the flexion-extension angles of hip and knee
respectively, s is the leotard sensor status for a given leg and A is the
mapping matrix whose coefficients has to be determined in a calibra-
tion phase.
5.2.2 Calibration phase
The 8 coefficients of the matrix A can be determined in a calibration
process. During the calibration the subject wearing the sensing leo-
tard is asked to perform a certain number of rowing strokes on the
ergometer machine. Data coming from the sensing leotard are associ-
ated with hip and knee flexion-extension acquired by using a reference
measurement system. The experimental set-up consists of a 6 cam-
era stereophotogrammetric system (SMART-e by BTS Bioengineering
[43]) used to measure subject kinematics. The markers were placed
on the subject in a standard way such as shown in Figure 5.2a. Fig-
ure 5.2b shows the kinematic model obtained by using the SMART-e
system.
The rowing stroke consists of a cycle of four events: the catch is when
the oar enters the water, the drive is when the rower applies force on
the oar and the boat moves through the water, the finish is when the
oar leaves the water, and the recovery is when the oar returns to the
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catch position. At the end of the calibration phase the calibration
dataset contains c leotard sensor vectors si
si =

s1
i
...
s6
i
 (i = 1 · · · c) (5.3)
associated to c hip and knee flexion-extension angles θi
θi =
 θ1i
θ2
i
 (i = 1 · · · c). (5.4)
From Equation 5.2 considering the ith sample of the calibration dataset,
the map coefficients (ai,j) have to verify the below relation: θ1i
θ2
i
 =
 s1i · a1,1 + · · ·+ s6i · a1,6
s1
i · a2,1 + · · ·+ s6i · a2,6
 . (5.5)
Thus, considering the whole dataset, it can be written:
Θ = S · a (5.6)
where
Θ =

θ1
...
θc
 =

θ1
1
θ2
1
...
θ1
c
θ2
c

, (5.7)
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S =
2·6︷ ︸︸ ︷
s1
T
0
0 s1
T
...
...
scT 0
0 scT

=

s1
1 · · · s61 0 · · · 0
0 · · · 0 s11 · · · s61
...
...
...
s1
c · · · s6c 0 · · · 0
0 · · · 0 s1c · · · s6c

(5.8)
and
a =

a1,1
...
a1,6
a2,1
...
a2,6

. (5.9)
In this way, the mapping coefficients ai,j are determined as follows:
a = S† ·Θ (5.10)
where S† is the pseudoinverse of matrix S.
5.3 Results
In the test phase, the athlete wearing the sensing leotard was asked to
perform five cycle of stroke with a rowing machine. Data acquired from
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Figure 5.2: The arrangement of the marker on body of the athlete
(a). The Model obtained by using SMART-e (b).
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the leotard were processed by using the map A previously identified in
the described calibration phase. Moreover, the SMART-e stereopho-
togrammetric system was used to measure the lower limb kinematics.
Outputs coming from the two systems were compared in order to asses
the performance of the sensing leotard. Results obtained from these
experiments are shown in the classical representation of the angle val-
ues versus time. Figure 5.3 and Figure 5.4 show the flexion-extension
angles of the hip and the knee of the left leg during five cycle of rowing
stroke. Figure 5.5 and Figure 5.6 show the flexion-extension angles of
Figure 5.3: Flexion-extension angles of the hip (θ1) and knee (θ2)
of the left leg in two different trials. The red line is the SMART-e
output, while the blue one represents the sensing leotard response.
the hip and the knee of the right leg during five cycle of rowing stroke.
The red line is the SMART-e output, while the blue one represents
86
5.3 Results
Figure 5.4: Flexion-extension angles of the knee (θ1) and knee (θ2)
of the left leg in two different trials. The red line is the SMART-e
output, while the blue one represents the sensing leotard response.
the sensing leotard response. Results, in terms of kinematic variable
reconstruction, are very satisfactory and promising.
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Figure 5.5: Flexion-extension angles of the hip (θ1) and knee (θ2)
of the right leg in two different trials. The red line is the SMART-e
output, while the blue one represents the sensing leotard response.
Figure 5.6: Flexion-extension angles of the knee (θ1) and knee (θ2)
of the right leg in two different trials. The red line is the SMART-e
output, while the blue one represents the sensing leotard response.
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Chapter 6
Clinical application
6.1 Introduction
In this Chapter we report on a specific clinical application where
flexion-extension of the knee of patients who suffer from venous ul-
cers is monitored by means of the KB system described in Section
3.4.2. The aim is to discriminate healthy from injured people on the
basis of the irregularity of the gait and to identify the progressive
or regressive stage of the illness. A preliminary pilot study was per-
formed in order to discriminate between healthy subjects with normal
walk and pathologic subjects having undergone post-surgery therapy.
The patients who suffer from venous ulcers find difficulties in walking
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depending on the severity level of the disease, and usually show im-
provements in their walking capability after undergoing surgery. They
are usually monitored by means of invasive instrumentation, which an-
alyzes the reduction of the diameter of the thigh without gait analysis.
Because of the small change in diameter of the thigh, the equipment
used for this purpose requires to be very sensitive and precise. More-
over, it is necessary to carefully calibrate the equipment every time
it is used, and this takes much time. On the contrary, our system is
easy to wear and there is no need for high sensitivity, as it aims at
measuring flexion-extension angles which are much greater than thigh
circumference variation.
6.2 The clinical test
This work has been performed in collaboration with the Clinical M.
B. Barbantini of Lucca. Two dedicated tests were performed, one
aimed at discriminating between pathologic and normal walking and
the other one in order to identify the severity of the injury. After
putting on the sensing garment and the sensorized shoe, each subject,
both healthy people and patients, were required to walk freely on a
level ground. By means of the wireless data was transferred in real
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time from the on-body unit to a personal computer, where by means
of a software interface the operator was able to monitor signals from
the sensorized garment, including diagnostics and current settings of
the transmission. In a five gait cycle observation interval the flexion-
extension signals were recorded and the correspondent files stored for
oﬄine analysis. In Figure 6.1 two pictures showing two patients wear-
ing the KB system are reported.
Figure 6.1: The patients during gait analysis
6.3 Subjects
Nine subjects, five females and four males volunteered to participate
in the study. The “normal” sample was made of four voluntaries, three
males and one female, belonging to university staff with a mean age
of 32 years. Each subject was required to fill out a suitable anam-
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nesis questionnaire in order they did not undergo lower-limb injuries,
disease or trauma. Only one subject (“patient 1” of Table 6.1 ) pre-
sented a rheumatoid arthritis. The “pathologic” sample consisted of
five subjects, four females and one male, (mean age of 73 years), being
in-patient in a clinic specialized in vascular diseases, with emphasis
on cutaneous ulcers treatment (see Table 6.1). The presence of the
pathology under study was certified by consulting clinical folders.
6.4 Data analysis
During a flexion-extension cycle of the knee, the signal coming from
the wearable system (continuous curve in Figure 6.2) increases during
flexion and decreases while the articulation extends, due to the piezore-
sistive effect. Synchronization with the step-signal acquired from the
sensorized shoe (dashed line in Figure 6.2) allowed us to identify the
“gait cycle” that is the elemental reference interval of the analysis. A
single step signal presents as an “on-off” signal where the low-level
indicates that the foot is in contact with the ground, while the high-
level indicates that the foot is raised from the floor. In order to extract
significant variables for discrimination, our approach proposes to an-
alyze gait discontinuity during the observed interval (i.e. the five gait
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Table 6.1: Pathologic Subjects
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Age 82 66 80 78 58
Sex F F F F M
N o Ulcers 1 1 7 or 4 l 3 5
Persistence
of the ul-
cers
3 years 1 year 5 years 3 months 12 years
Location
or Posi-
tion
1/3
Lower
Malleolus
Medial
1/3 Lower Malleolus
Media
Malleolus
Lateral
Dimension
of the ul-
cers
60cm2 130cm2 86.5cm2
18.5cm2
12.2cm2 280cm2
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Figure 6.2: Flexion-extension of the central sensor of the wearable
system (continuous curve) and the signal coming from the shoe sensor
(dashed curve) which shows the gait cycle
cycles). To do this we estimated the irregularity parameter IR, or
standard deviation over a sample made up of average width excursion
(Equation 6.3) values regarding the couple of central sensors (IRc)
and the couple of lateral ones (IRL) such as is shown in the Equation
6.1 and 6.2.
IRc =
√∑i=1
i=5Emc(i)− Emc
4
(6.1)
IRL =
√∑i=1
i=5EmL(i)− EmL
4
(6.2)
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where Emc = Ec1 + Ec2/2 and EmL = EL1 + EL2/2 represent the
mean of the width excursion for the central and lateral sensors re-
spectively. The width excursion parameter E which represents an
evaluation of flexion-extension capability is defined in Equation 6.3.
E =
∣∣∣∣VM + (VA − VB2 + VA
)∣∣∣∣ (6.3)
VM represents the maximum voltage width in the maximum flexion
instant; VA is the voltage value when flexion starts; VB indicates the
voltage value in the maximum extension instant such as shown in
Figure 6.3.
6.5 Results
The clinical case study was concerned with analysing signals acquired
by the KB worn by both healthy subjects and patients. Figures 6.5
and 6.4 report the parameters IRL and IRc over the entire recruited
population. The cut-off values which divide pathologic subjects from
normal subjects were chosen as IRc =10 and IRL =6. It is worthwhile
noting that in Figure 6.4 a normal subject (normal 4) is classified as
belonging to the pathologic group, while in Figure 6.5 the same subject
is rightly recognized as normal. This means that, for our applica-
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Figure 6.3: Graphical representation of the width excursion
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Figure 6.4: Graphical representation of IRC parameters.
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Figure 6.5: Graphical representation of IRL parameters.
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tion, the wearable system lateral sensors were more specific than the
central ones. IR values showed to be fundamentally higher for patho-
logic subjects than for the normal ones, confirming how they reveal an
irregular knee flexion-extension during normal walking. A good dis-
crimination between the two populations was obtained. Furthermore,
results showed the possibility to discriminate the severity level of the
disease during normal walking in the pathologic group.
Indeed, as shown in the Table 6.2 IR values are higher in patients
Table 6.2: Dimension of ulcers and IR values
Dimension of
the ulcers
IRC IRL
Patient 2 130cm2 12,36484 6,998067
Patient 3 105cm2 11,34288 7,545168
Patient 4 12, 2cm2 5,959339 2,594524
Patient 5 280cm2 14,27502 8,714515
which have larger ulcers, as classified by the clinical folder. In this
Table the “patient 1” has been removed from the pathological subject
group because he was diagnosed with a rheumatoid arthritis. This
pathology could be the cause in itself of wrong walking, hence nega-
tively impinge on our study. From both Figures 6.5 and 6.4 the patient
99
Clinical application
4 classified into the normal population. This can be justified by the
fact that he exhibits small size ulcers (12,2 cm2) and suffers from this
pathology only for three months, therefore he can be easily confused
with a normal subject.
6.6 Discussion
The test validity has to be intended as the capability by the test to
discriminate between normal and pathological subjects within the re-
cruited population. Receiver Operative Characteristic (R.O.C.) curves
analysis provided his scientific support in this evaluation, mainly to de-
cide the best cut-off value of parameters for discrimination. A R.O.C.
curve is a graphic representation of sensitivity versus false positive
rate (FPR) for different cut-off levels of the measurement variable.
The best decisional value ensures maximum of sensitivity versus the
minimum FPR. By this method, optimal cut-off value of irregularity
was detected both for central sensors (Figure 6.6) and for the lateral
ones (Figure 6.7) and the test characteristic parameters were com-
puted, in terms of sensibility, specificity and positive predictive value
(PPV), as shown in the Table 6.3. Positive predictive value is directly
proportional to disease prevalence in the study population. For a good
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Figure 6.6: Central sensor R.O.C. curve
test a high PPV is more significant if prevalence is high too. In our
study prevalence was high enough (55%), so PPV values of 80% and
100% gave to the test a good validity score, together with high sen-
sibility and specificity. Lateral sensors showed to be equally sensitive
but better specific and predictive than central ones. However these
results should be verified over a wider population.
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Figure 6.7: Lateral sensor R.O.C. curve
Table 6.3: Sensitivity, specificity, PPV and VPN value of the sensors
central and lateral
Central sensors Lateral sensors
Sensitivity 80% Sensitivity 80%
Specificity 75% Specificity 75%
PPV 80% PPV 100%
VPN 75% VPN 80%
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Conclusion
In this work we developed a collection of sensorized garment, by us-
ing electrically conductive elastomer composite (CEs), for analyzing
human movement of the lower limb. The main advantage introduced
by these prototypes is the possibility to wear them in clinical envi-
ronment. In fact, we proposed an innovative approach to monitor
the follow-up of patients aﬄicted with venous ulcers after undergoing
surgery.
In particular, in Chapter 2 a static and dynamic characterization
of CE sensor has been described. Further, we develop a black-box
hybrid model of CE sensor which approximates the sensor electrical
trend.
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The production process of the sensing prototypes has been reported
in Chapter 3, an hardware solution to integrate CE sensor network in
garments without using obtrusive metallic wires as interconnection
has been explained. This solution has proved to be a crucial point to
effectively employ the sensing garments in real applications.
A prototype devoted to monitor internal-external angle of the knee
has been realized in Chapter 4 and we developed a new device, which
was designed to calibrate the sensing garment.A method for evaluation
of the rotational laxity of knee joint by using the new device was
described.
In Chapter 5 an innovative approach to monitor the athlete rowing
activity during training or race was proposed. A sensing leotard able
to detect knee and hip movement was described. Conventional instru-
mentation can be obtrusive and unportable, thus not suitable for “on-
water” monitoring. On the contrary, the main advantage introduced
by the proposed technology is the well matching of wearabilty require-
ments useful for monitoring the athlete movements during training or
sport activity. The prototype was tested in a laboratory set-up by
comparing its outputs with the ones coming from a standard reference
system.
Finally, in the Chapter 6 a clinical application has been described.
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A simplified version of the sensing leotard, consisting of an elastic band
wrapped around the knee for measuring the flexion-extension of the
knee during walking activity. Medical equipment, indeed, suggested
us to investigate on how the disease progress makes the walking capa-
bility worse. At first, for a pilot test, we used the wearable system to
discriminate between healthy and injured people, and afterwards we
processed signals relative to knee flexion-extension in order to iden-
tify the severity level of the illness among the patient sample. Results
are very satisfactory and promising. Next developments can progress
towards the direction of studying the gait of patients as the illness
progresses before surgical intervention and how it regresses aftewards.
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